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ABSTRACT.  Confined bubble growth during flow boiling at low pressures in microchannels 
generates pressure fluctuations that may cause transient flow reversals that disturb the flow distribution 
in heat sinks formed of parallel channels joined by plena. A simple model is developed for the effects 
of upstream compressibility and flow resistance at the channel inlet on the magnitude of the pressure 
transient during the growth of one bubble in a single channel. Preliminary results are presented. 
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INTRODUCTION  
 
Flow boiling at near atmospheric pressure in assemblies of closely-spaced, parallel micro-channels 
connected by inlet and outlet plena is a promising method of cooling micro-electronic devices at 
high heat fluxes. The growth of long confined bubbles causes local fluctuations in pressure that may 
cause temporary reversals of the inlet flow, triggering transient dryout and driving liquid and/or 
vapour through the plenum towards other channels. The flow reversals may be suppressed by a 
large frictional resistance at the entry to each channel, e.g. [1-4]. The design guidance is that the 
time-averaged pressure drop across this resistance should be similar to the pressure drop along the 
channels. Elimination of flow reversal does not eliminate the pressure fluctuations within channels, 
which may still influence heat transfer and in extreme cases cause structural damage. Pressure 
fluctuations have been measured at different axial locations in studies of single channels [5-10] 
dependent on the compressibility in the upstream boundary conditions, which may result from the 
pump characteristics or trapped bubbles of vapour or gas. The pressure variations were also 
measured and simulated by a 1-D model for the special case of bubble growth in an initially 
uniformly superheated channel with one sealed end (no inlet compressibility, no inlet flow) [11]. 1-
D models with different approximations have been developed for oscillatory heat pipes [12]. 
 
It is of practical importance to improve the understanding of the effects of bubble-driven pressure 
fluctuations in assemblies of parallel channels. Parametric studies with 1-D models with simplified 
physics are less demanding computationally than fully 3-D simulations. A 1-D model for the 
pressure variations during the growth of a single vapour bubble in a single channel for the special 
conditions of constant inlet flow (i.e. no inlet compressibility) and constant exit pressure, with 
features suggested by experimental observations of bubble growth and supported by some 3-D 
numerical simulations, was presented in [13,14]. The new features of the model, specific to 
channels of rectangular cross-section of high aspect ratio, are: (i) confinement in two stages, first 
“partial confinement” by the minor dimension, then “full confinement” by the major dimension of 
the cross-section, (ii) growth driven by a constant heat flux only to the area of the bubble surface 
pressed against the heated wall of the channel, Viscous forces are assumed negligible compared to  
  
inertial forces. The vapour density is assumed (a) 
constant, or (b) equal to the saturated vapour density for 
the instantaneous pressure in the bubble. Variable vapour 
density is more realistic for the large pressure changes at 
high heat fluxes and reduces the predicted amplitude of 
the pressure variations. However, it introduces some 
modelling problems for a smooth transition to full 
confinement, discussed in [11] and not yet fully resolved. 
Using the model with constant vapour density, it was shown that the amplitude of the pressure 
variation increased with the length of the liquid slug downstream of the bubble nucleation site and 
with the wall heat flux driving exponential bubble growth. 
 
In this paper, the model for constant density is extended by the addition of sub-models for upstream 
compressibility in the plenum and a flow resistance at the inlet to the channel. Figure 1 illustrates 
the sensitivity of bubble motion to apparently minor changes in the rig design that introduced 
upstream compressibility during experiments on rigorously degassed water boiling at 1.1 bar 
pressure in a test channel of rectangular section 1.6 mm wide, 0.38 mm deep and 40 mm long, 
machined in an electrically heated copper block, with a glass window on one side. Reduction in the 
heat transfer area of the preheater in the external circuit some distance before the test section 
created compressible vapour due to local subcooled boiling. Further particulars are given in [13].  
 
Examples of bubble growth are shown in Figure 1, (a) with the larger preheater, no upstream 
compressibility and (b) with subcooled boiling in the smaller preheater creating upstream 
compressibility despite the same rigorous degassing procedure. In both cases, partial confinement 
occurred within 2 ms of detectable nucleation but growth to full confinement took 7 - 9 ms. In (a), 
the growing bubble was pushed downstream by the incoming liquid immediately. Rapid axial 
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Figure 1. Experimental bubble growth. 
(a) No upstream compressibility 
(b) With subcooled boiling in preheater 
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 growth only in the downstream direction occurred after full confinement. Nucleation of succeeding 
bubbles occurred at intervals of  about 13 ms, corresponding approximately with the estimated time 
for the bubble to reach the channel exit. In (b), growth of the partially confined bubble occurred 
nearly symmetrically in the upstream and downstream directions. Rapid upstream growth occurred 
after full confinement. The upstream end of the bubble moved out of view at 19 ms and did not 
return for a further 30 ms. The downstream end of the bubble rapidly moved out of view. The 
period between nucleation events at the same site was not regular. Recordings at lower 
magnification showed that more than one nucleation site was active in the channel for both 
conditions (a) and (b). For images shown in case (a) and (b), nucleation sites were located at about 
17mm and 20mm from the inlet respectively. 
1-D MODEL FOR CONFINED GROWTH, WITH UPSTREAM COMPRESSIBILITY 
 
The two-stage model for partially and fully confined growth is summarised in Figure 2. The channel 
is of rectangular section, width w, depth h << w and heated length LH. Heat input is on one side w 
with an adiabatic window on the opposite side and negligible heat input on sides h. A single 
nucleation site is located at LA from the inlet. A constant volumetric flow rate U0 a0 is delivered by 
the pump to the upstream plenum of cross-sectional area a0 >> wh so that p0(t) is the stagnation 
pressure. A restriction at the channel inlet imposes a frictional resistance with constant loss 
coefficient F based on the velocity U1 in the channel so that, depending on the direction of U1, 
 
p0 – p1 =   [1 + FS( f / l)] l U1
2
 /2,   where S = U1  / U1                                ( 1 ) 
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a. Partially-confined bubble growth. 
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 f depends on whether liquid or vapour phase is passing through the constriction. In the present 
model, it is assumed that only liquid enters or leaves the upstream end of the channel. Models for 
flow reversal with vapour passing through the inlet will be developed later. 
The plenum is connected to a compressible volume VC(t) defined by a sub-model, so that  
 (U0a0) + dVC /dt = whU1             ( 2 ) 
Sources of compressibility include presence of vapour or noncondensable gas, connections to 
parallel channels, pump characteristics, and sub-cooled boiling in the preheater upstream of the 
channel. In the present model, the only source is assumed to be due to non-condensable gas with 
initial volume VCi , as in the Brutin et al. experiments [8]. Assuming an isothermal process,  
 
p0VC = p0iVCi ,  dVC/dt  - C dp0/dt,      C = p0iVCi /p0
2
 ,   VCi /pe  for small changes                      ( 3 ) 
 
From (1) – (3),              
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dU
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C
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2.1 Partially-confined growth ( PC ) 
The earliest stage of unconfined growth from a nucleus with dimensions << h is neglected. When 
the bubble is confined fully along the depth h, except for very thin liquid films between the bubble 
and the surfaces w, it is assumed that the bubble length and width b(t) are equal. Neglecting the 
volume of the thin liquid films on sides w, the volume of the bubble V(t) is hb
2
. Assuming constant 
heat flux q through the single contact area b
2
 and neglecting the change of ρv and hlv with pressure,                                                                                        
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From continuity,   
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From conservation of momentum, neglecting friction and assuming that the upstream end of the 
bubble moves at U1 and the average velocities of the bubble and the liquid alongside are (U1+U2)/2, 
the pressure differences over the control volumes V1, V2 and V3, are given by  
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From the above equations, with r as the ratio of vapour density to liquid density, ρv / ρl , 
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2.2 Fully-confined growth (FC) 
Fully-confined bubble growth commences from the time tc at which b = w. Let t' = t – tc . The 
contact area A = w z ( t' ), where z is the length of the bubble, and from the bubble growth equation  
 /twez                        ( 11 ) 
From continuity,  
td
dz
UU 12
/τt
1 e
τ
w
U                                                             ( 12 ) 
From the momentum equation, assuming that the ends of the bubble move at U1 and U2 and its 
average velocity is (U1+U2)/2, the pressure differences over the control volumes V1, V2 and V3 are   
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The equations are solved by a finite difference method. The incoming flow a0U0 and the exit pressure 
pe are assumed to be constant. The initial conditions are assumed to be p1 = pe,  U1 = a0U0 / wh, 
neglecting any impulsive changes associated with the initial unconfined growth of the bubble.   
 
SIMULATIONS FOR WATER AT 1 BAR 
Conditions 
The simulations in this paper correspond to the flow conditions of the visualizations in Figure 1 : 
water in a channel 0.38 x 1.5 x 40 mm, constant exit pressure of 1 bar, constant inlet flow to the 
plenum equivalent to a liquid velocity U1 = 0.7 m/s in the channel. The vapour density is assumed 
constant and viscous forces are neglected. The nucleation site is placed at the mid-point of the 
channel, unless otherwise mentioned. At present, the simulation is terminated when either end of a 
bubble reaches the end of the channel. Simulations for multiple bubbles are under development.  
 
 
 
Figure 3. ( a) Variation of U1 and U2, ( b) 
variation of p3-pe and p0-pe , for different C. q = 
400 kW/m
2
, LA = 20mm, U1(0) = 0.7m/s, F = 0. 
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Simulations of the liquid velocities U1, U2 on each side of the bubble, the bubble pressure p3 and the 
pressure in the inlet plenum p0 at a heat flux of 400 kW/m
2
 are shown in Figure 3 for C = 0, 10
 -11
 
and 10
 -15
, corresponding respectively to trapped gas volumes in the inlet plenum of 0 (original 
model in [14] ), 1000 mm
3
 and 0.1 mm
3
 (from Eq.(3) ). For comparison, the volume of liquid 
displaced from the channel to the plenum by movement of one end of the bubble through 20 mm is 
11.4 mm
3
. 
 
The simulations for C = 10
 -15
 are very similar to those for C = 0, except for a small oscillatory 
component at a frequency of approximately 660 Hz, of the same order as the estimate of 850 Hz for 
the natural frequency of a spring – mass system using the mass of the upstream liquid column in the 
channel. The plenum pressure is nearly equal to the bubble pressure. For relatively large upstream 
compressibility, C = 10
 -11
, the upstream velocity U1 reverses after about 4 ms , after which growth 
is nearly symmetrical in the upstream and downstream directions. The bubble pressure rise is 
reduced and the plenum pressure remains nearly constant. In all the figures, only the total pressure 
drop (p0 – pe) and pressure drop at the downstream end of the bubble (p3 – pe) are shown, and the 
pressure drop at the upstream end of the bubble (p0 - p3) can be obtained from it. The pressure drop 
across the bubble (p2 – p3 ) is negligible, at least for the constant vapour property considered in the 
present model. The simulations show that in the presence of upstream ( or inlet ) compressibility, 
the pressure drop at the upstream end will be of the same order of magnitude as that at the 
downstream end, though they may differ in signs, which makes the total pressure drop between the 
inlet and outlet much smaller than that for without inlet compressibility. This also shows that for 
upstream (or inlet) compressibility, the local pressure fluctuations within the channel will be much 
higher than that between the two channel ends. The amplitude of these pressure fluctuations may be 
grossly underestimated by experimental measurements of the pressure difference between the inlet 
and outlet plena. 
 Additional simulations (not shown here) confirm that the initial asymmetry in growth and the 
associated delay in flow reversal are modified by changes in the initial incoming flow rate. The 
amplitude of the bubble pressure within the channel depends strongly on the heat flux, being much 
smaller at 100 kW/m
2
, Figure 4. Also there is no flow reversal for 100 kW/m
2
. The simulations 
performed so far do not exhibit the eventual return of liquid observed in Figure 1(b). Further 
investigation is required over a wider range of parameters. It may be necessary to use the non-linear 
version of the compressibility model in Eq.(3), so that the compressibility decreases as reverse flow 
proceeds, or a different sub-model that is more representative of the subcooled boiling that is the 
source of compressibility in these particular experiments. 
 
For relatively large compressibility C = 10
 -11
, which maintains the pressure in the inlet plenum 
nearly  constant,  a large  inlet  resistance  factor  F = 40 reduces  the  reverse  flow  into the  inlet 
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Figure 4. ( a) Variation of U1 and U2, ( b) variation of p3-pe and p0-pe , for q = 100 kW/m
2
, LA = 
20mm, U1(0) = 0.7m/s and C=10
-11
, F = 0. Compare with q = 400 kW/m
2
 and C=10
-11 
in Figure 3. 
 Figure 6. ( a)Variation of U1 and U2, ( b) variation of p3-pe and p0-pe,  for different LA ( 5, 20, 35 
mm ) . q = 400 kW/m
2
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plenum but increases slightly the maximum pressure within the channel, Figure 5. Figure 6 shows 
that the position of the nucleation site influences the reverse flow, with the nucleation site close to 
inlet showing more flow reversal ( negative U1 ) than the one at the middle, while the one close to 
the outlet hardly shows any flow reversal. In the experiments with inlet compressibility, it was 
observed that the bubbles near the channel inlet and middle grew in both upstream and downstream 
directions, with irregular periods between nucleation events, whereas those near the outlet only 
grew in downstream direction with more regular nucleation. The pressure fluctuation (p3 – pe ) 
caused by the bubble near the outlet is very small compared to that caused by the bubbles near the 
inlet and middle. However, (p0 – pe ) is very small and similar for all three cases, Figure 6b. The 
present model considers only single bubble. But in reality, there will be multiple bubbles and their 
interactions can also influence flow reversal. As the amplitude of pressure fluctuations and their 
frequencies increase with the heat flux, it will becomes necessary to consider the variation of vapour 
density and saturation temperature with pressure, not considered in the present bubble growth model.  
Figure 5. ( a) Variation of U1 and U2, ( b) variation of p3-pe and p0-pe , for F = 0, 40. 
q = 400 kW/m
2
, LA = 20mm, U1(0) = 0.7m/s and C=10
-11 
 CONCLUSIONS 
 
A simple model has been developed for the pressure fluctuations and flow reversal caused by the 
growth of a single vapour bubble in a single micro-channel of rectangular cross-section with upstream 
compressibility and inlet flow resistance. Preliminary simulations have revealed the interactions 
between these external influences and conditions within the channel such as the heat flux and the 
position of the nucleation site. Further development of the model is required to include viscous forces, 
pressure-dependent vapour properties, different models for compressibility and multiple bubbles that 
may eventually guide the design of the plena for multichannel heat sinks.  
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